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Summary 

Bile acids repress the transcription of cytochrome 
P450 7A1 (CYP7A1), which catalyzes the rate-limiting 
step in bile acid biosynthesis. Although bile acids acti- 
vate the farnesoid X receptor (FXR), the mechanism 
underiying bile acid-mediated repression of CYP7A1 
remained unclear. We have used a potent, nonsteroi- 
dal FXR ligand to show that FXR Induces expression 
of small heterodimer partner 1 (SHP-1), an atypical 
member of the nuclear receptor family that lacks a 
DNA-binding domain. SHP-1 represses expression of 
CYP7A1 by inhibiting the activity of liver receptor ho- 
molog 1 (LRH-1), an orphan nuclear receptor that is 
known to regulate CYP7A1 expression positively. This 
bile acid-activated regulatory cascade provides a 
molecular basis for the coordinate suppression of 
CYP7A1 and other genes involved in bile acid biosyn- 
thesis. 

Introduction 

Cholesterol is essential for a number of cellular func- 
tions, including membrane biogenesis and steroid hor- 
mone and bile acid biosynthesis. However, in excess, 
cholesterol can contribute to disease processes such 
as atherosclerosis and gallstone fonmation. Therefore, 
cholesterol biosynthesis and catabolism must be coor- 
dinately regulated. The metabolism of cholesterol to bile 
acids represents a major pathway for its elimination 
from the body, accounting for approximately half of daily 
excretion. Cytochrome P450 7A (CYP7A1) is a liver-spe- 
cific enzyme that catalyzes the first and rate-limiting 
step In one of the two pathways for bile acid biosynthesis 
(Chiang. 1998; Russell and Setchell. 1992). The gene 
encoding CYP7A1 is regulated by a variety of small, 
lipophilic molecules, including steroid and thyroid hor- 
mones, cholesterol, and bile acids. Notably, CYP7A1 
expression is stimulated by cholesterol feeding and re- 
pressed by bile acids. Thus. CYP7A 1 is under both feed- 
forward and feedback regulation, 
CYP7A1 expression is regulated by several members 
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of the nuclear receptor superfamily of ligand-activated 
transcription factors (Chiang, 1998; Gustafsson, 1999; 
Russell, 1 999). Recently, two nuclear receptors, the liver 
X receptor a (LXRa; NR1H3) (Apfel et al.. 1994; Willy et 
al.. 1995) and famesoid X receptor (FXR; NR1H4) 
(Forman et al., 1995; Seol et al., 1995), were implicated 
in the feedforward and feedback regulation of CYP7A1, 
respectively (Peet et al., 1 998; Russell, 1 999). Both l_XRa 
and FXR are abundantly expressed in the liver and 
bind to their cognate homnone response elements as 
heterodimers with the 9-c/s retinoic acid receptor 
RXR (Mangelsdorf and Evans, 1995). LXRa is activated 
by the cholesterol derivative 24,25{S)-epoxycholesterol 
and binds to a response element in the CYP7A1 pro- 
moter (Lehmann et al., 1997), Mice lacking LXFla do not 
induce CYP7A1 expression in response to cholesterol 
feeding (Peet et al., 1998). Moreover, these animals ac- 
cumulate massive amounts of cholesterol in their livers 
when fed a high cholesterol diet. These data establish 
l-XRa as the cholesterol sensor responsible for feedfor- 
ward regulation of CYP7A1 expression. 

Bile acids stimulate the expression of genes involved 
in bile acid transport, such as the intestinal bile acid- 
binding protein (l-BABP), and repress CYP7A1 and other 
genes encoding enzymes involved in bile acid biosyn- 
thesis, such as CYP8B1 , which converts chenodeoxy- 
cholic acid (CDCA) to cholic acid, and CYP27. which 
catalyzes the first step in the alternative, "acidic" path- 
way for bile acid synthesis (Russell and Setchell, 1992; 
Javitt, 1994; Russell, 1999). Recently, FXR was shown 
to be a bile acid receptor (Wang etal,, 1996; Makishima 
et al., 1999; Parks et al., 1999), Several different bile 
acids, including CDCA and its glycine and taurine conju- 
gates, bind and activate FXR at physiologic concentra- 
tions. Moreover, FXR response elements (FXREs) were 
identified in both the mouse and human l-BABP promot- 
ers (Grober et al., 1999; Makishima et al„ 1999), which 
provided strong evidence that FXR mediates the posi- 
tive effects of bile acids on l-BABP expression. Notably, 
the rank order of bile acids that activate FXR correlates 
with that for repression of CYP7A1 in a hepatocyte- 
derived .cell line (Makishima et al,, 1999). These data 
suggested that FXR also has a role in the negative ef- 
fects of bile acids on gene expression. However, since 
the region of the CYP7A1 promoter that is necessary 
for bile acid-mediated repression lacks a strong FXR- 
binding site (Chiang and Stroup, 1994; Chiang et al., 
2000), K seemed unlikely that this repression was a di- 
rect effect of FXR. Thus, the molecular mechanism for 
bile acid-mediated repression of CYP7A1 remained 
in question. 

In this report, we have used a potent, nonsteroidal FXR 
ligand to demonstrate that FXR regulates the hepatic 
expression of small heterodimer partner 1 (SHP-1; 
NR0B2), an atypical, orphan member of the nuclear re- 
ceptor family that lacks a DNA-binding domain (Seol et 
al., 1996). SHP-1 has been shown to bind to other nu- 
clear receptors and to repress their transcriptional activ- 
ities ( Seol et al., 1996; Masuda et al., 1997; Johansson 
et al.. 1999; Lee et aL, 2000). We show that SHP-1 re- 
presses the CYP7A1 promoter through Interaction with 
liver receptor homolog 1 (LRH-1; NR5A2), an orphan 
nuclear receptor that binds as a monomer to a response 
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element In the CYP7Ai promoter and activates tran- 
scripUon (Becker-Andre et al., 1993; Galameau et al, 
1 996; Nitta et al., 1 999). LRH-1 Is a mammalian homolog 
of the Dmsophiia fushi tarazu F1 gene product, which 
regulates Drosophlla metamorphosis (Lavorgna et al.. 
1991; Broadus et al.. 1999). Our findings define a novel 
regulatory cascade of three orphan nuclear receptors 
that provides a molecular basis for the coordinate re- 
pression of gene expression by bile acids. 

Results 

Identification of GW4064 as a Potent, 
Selective FXR Activator 

FXR was recently shown to be a receptor for COCA as 
well as other bile acids (Makishima et al.. 1999; Paries et 
al., 1 999; Wang et al., 1 999). However, these compounds 
bind to FXR with only micromolar affinities and at these 
concentrations also interact with other proteins, includ- 
ing bile acid-binding proteins and transporters. We 
sought to Identify a potent, selective FXR ligand for use 
as a chemical tool in elucidating the genes regulated 
by FXR. Combinatorial libraries of compounds were 
screened using a ligand-sensing fluorescence reso- 
nance energy transfer assay that detects interactions 
between FXR and a peptide derived from the steroid 
receptor coactivator 1 (SRC-1) as previously described 
(Paries et al., 1999). Among the compounds that pro- 
moted an interaction between FXR and SRC-1 was the 
isoxazole GW4064 (Figure 1 A), which bound to FXR with 
a half-maximal effective concentration (ECjo) of 15 nM 
(Maloney et al.. 2000). GW4064 activated mouse and 
human FXR with ECm values of 80 and 90 nM, respec- 
tively, in CV-1 cells Iransfected with FXR expression 
vectors and a reporter plasmid containing two copies 
of an established FXR response element (FXBE) derived 
from the Drosopbila heat shock protein 27 (hsp27) pro- 
moter (Fornian et a!.. 1995) (Figure IB). Thus, GW4064 
IS '^1000-fold more potent than CDCA in activating FXR 
in CV-1 cells (Figure IB). 

GW4064 was tested for selectivity against a panel 
of nuclear receptors. CV-1 cells were transfected with 
expression plasmids for various nuclear receptor-GAL4 
chimeras and the reporter plasmid {UAS)s-\k-CAT as 
previously described (Paries et al., 1999). GW4064 acti- 
vated only the FXR-GAL4 chimera (Figure 1C). TTius. 
GW4064 is a highly selective activator of FXR. 

FXR Regulates SHP-1 Expression In the Uver 
GW4064 was exploited as a chemical tool to klentify 
the genes regulated by FXR in the liver. Male Rsher rats 
were treated for 7 days with GW4064 or vehicle alone 
(methyl cellulose). Following treatment. RNA was pre- 
pared from the livers of GW40e4- and vehicle-treated 
animals, and genes that were either induced or re- 
pressed by GW4064 treatment were determined using 
CuraGen GeneCalling^ differential gene expression 
technology (Shimkets et al.. 1 999). A comprehensive list 
of the liver genes regulated by GW4064 will be published 
elsewhere. Interestingly, the gene that was most strongly 
induced by GW4064 Ueatment was that encoding the 
orphan nuclear receptor SHP-1 . Northern analysis showed 
that SHP'1 expression was Increased '^-fold In the 
livers of GW4064-treated rats relaUve to vehicle-treated 
animals (Rgure 2A). 
Bile acids are known to repress the expression of 
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Rgure 1. GW4064 Is a Potent, Selective Activator of FXR 

(A) Chemical structure of GW4064. 

(B) CV-1 cells were transfected with expression plasmids for human 
Of mouse FXR and the (hsp70EcRE)3-tk-LUC reporter plasmid con- 
taining two copies of the hsp70 ecdysone response element up- 
stream of the thymidine kirwse frk) promoter and luciferase gene. 
Transfected cells were treated with the IrKficated concentrations of 
either GW4064 or CDCA. Open circles, mouse FXR and GW4064; 
open triangles, human FXR and GW4064; ctosed circles, mouse FXR 
and COCA; closed triangles, human FXR and COCA. Data points 
represent the mean of assays peffomr»ed In triplicate, 

(Q CV-1 cefls were transfected with expression vectors for various 
GALA-nudcar receptor Hgand-binding domain chimeras and the 
reporter plasmid (yAS)rtf<-CAT. Transfected cells were treated with 
1 |j.M GW4064. Data represent the mean of assays perfom^ in 
tripficate ± S.O. 



CYP7A1 as part of a regulatory feedback loop that con- 
trols the rate of their biosynthesis from cholesterol 
(Russell and Setchell. 1992; Russell. 1999). Two recent 
studies Implicate FXR in the repression of CYP7A1 
(Makishima et al., 1999; Wang et al.. 1999), although the 
molecular mechanisms have remained unclear since the 
CYP7A1 promoter does not contain a consensus FXRE 
(Chiang et al.. 2000). In parallel with our analysis of 
SHP'I expression, we examined whether GW4064 treat- 
ment resulted In decreased CYP7A1 expression In male 
Rsher rats. Flats treated with GW4064 showed a sub- 
stantial decrease In CYP7A1 mRNA levels (--4-fold, Fig- 
ure 2A). Thus, GW4064 mimics the well documented 
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Figure 2. FXR Ugands Induce SHP-1 and Repress CVP7/;y Ex- 
pression 

(A) Total RNA was prepared from the livers of male Ftsher rats treated 
(or 7 days wnth GW4064 or vehicle alone. Northern analysis was 
perfomied using pfx>bes for rat SHP-1 and CYP7A1. DaU represent 
the mean (n « 3) ± standard error of the means. The asterisk denotes 
a sUUstically significanl differerKC between vehicle- and GW4064- 
treated animals; P < 0.05. 

(B) Total RNA was prepared from prioury rat or human hepatocytes 
treated f or 48 hr with the Indicated concentrations of GW4064 or 
vehicle alone. Northern aruiysis was pertonned using probes for 
rat or human .SWP-T. CVP7Af , or p-actin. 

(C) Total RNA was prepared from primary human hepatocytes 
treated for 48 hr with the indicated concentrations of CDCA. North- 
cm analysis vras pertomied using prot>es for human SHP-1, 
CYP7A1, or p-actin. 



effects of naturally occurring FXR ligands, namely bile 
acids, on CYP7A1 expression. This observation pro- 
vides compelling evidence that FXR mediates feedback 
repression of CYP7A1 by bile acids. 

To substantiate the in vivo data and extend them to 
human hepatocytes, we examined whether SHP-1 and 
CYP7A1 expression were regulated by FXR in primary 
cultures of rat and human hepatocytes. Hepatocytes 
were treated with Increasing concentrations of GW4064, 
and the levels of SHP-1 and CYP7A1 expression were 
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Figure 3. Identification of FXR Binding Sites in the Human, Rat, and 
Mouse SHP-1 Promoters 

(A) Alignment of the proximal regions of the human, rat, and mouse 
SHP-T promoters. The conserved IRl FXR binding site is boxed. 
Conserved nucleotides are indicated by asterisks. 

(B) Electrophoretic mobility-shift assays were perfonned with in vitro 
synthesized hunian FXR and/or human RXRa as indicated and ["PJ- 
labeled oligonucleotides containing the IRl motif from the rat, 
mouse, or human SHP-l promoters or the mouse or human l-BABP 
promoters. The positions of the shifted FXR/RXRa complex and free 
probes are Indicated. 

(C) Electrophoretic mobility-shift assays were performed with In vitro 
synthesized human FXR and/or human RXRa, a r«P]-tabeled ongo- 
nudeotide containing the human t-BABP FXRE, and cttheraS-. 25-. 
or 75-fold excess of unlabeled ofigonudeotides containing the IRl 
motifs from the human i-BABP promoter, the mouse, rat, or human 
SHP-f promoters, or a mutated derivative of the mouse SHP-1 IRl 
motH (mSHPmut). The position of the shifted FXR/RXRa complex 
is indicated. 



examined by Northern blot analysis. GW4064 treatment 
mart<edly Increased SHP-T expression and decreased 
CYP7A1 expression In hepatocytes from both species 
In a dose-dependent fashion (Rgure 2B). Similar results 
were obtained In human hepatocytes treated with the 
natural FXR ligand CDCA (Figure 2C). As expected, 
CCX)A was less potent than GW4064 in Ks effects on 
gene expression (compare Figures 2B and 2C). These 
data strongly suggest that FXR regulates SHP-1 and 
CYP7A1 expression In both human and rodent hepato- 
cytes. Notably, there was a striking reciprocal relation- 
ship between the regulation of SHP-T and CYP7A1 
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n^ure 4. FXR Activates the Rat and Human 
SHP'1 Promoters 

HcpG2 ceHs were transfected with the human 
FXR expression p(asmid and kjciferase re- 
porter ptasmids containing the proximal pro- 
moters of the rat dAl. nucleotides -441 to 
+19) Of human ([B], nucieoUdes -57210+10) 
SHP-1 genes or the connesponding reporter 
piasmlds In which the IRI elements had been 
mutated (AIR1), Following transtection, cells 
were treated (or 48 hr with GW4064 (1 jiM) 
or COCA (100 jtM). Data represent the 
mean ± S.O. of six individual trans fee lions. 



expression: GW4064 and CDCA repressed CYPTAI ex- 
pression at the same concentrations that were required 
to induce SHP-1 expression (Rgures 2B and 2C). Since 
SHP-1 is known to heterodimerize with several other 
members of the nuclear receptor superfamily and to 
repress their transcriptional activity ( Seol et al.. 1 996; 
Masuda et al.. 1997; Johansson et al., 1999), these data 
raised the intriguing possibility that FXR-mediated in- 
duction of SHP-1 might underlie the repression of 
CYPTAI expression (see below). 

FXR Binds and Activates SHP-1 Promoters 
We next sought to determine whether SHP- 7 expression 
is directly regulated by FXR. FXR preferentially binds as 
a heterodimer with RXR to FXREs composed of two 
nuclear receptor half-sites of consensus AG{G/T)TCA 
organized as an inverted repeat and separated by a 
single nucleotide 0R1) (Fonman et al., 1995). IRI -type 
FXREs have been identified in the human and mouse 
I'BABP promoters (Grober et al., 1999; Makishima et 
al., 1 999). The mouse, rat, and hunnan SHP-I promoters 
were examined for IRI motifs. A highly conserved (R1- 
fike element was Identified ~300 nucleotides upstream 
of the transcription Initiation site In the SHP-1 promoter 
of ad three species (Figure 3A). Electrophoretic mobility- 
shift analyses demonstrated that the FXR/RXR complex 
binds efficiently to the IRI element from the SHP-1 pro- 
moter of each species (Figure 38). In agreement with 
eariier observations (Grober et al., 1999), the FXRAHXR 
heterodimer also bound to the mouse and human 
i-BABP FXREs (Figure 3B). Competition binding analy- 
ses showed that these interactions were specific: no 
competition was seen with a mutated derivative of the 
IRI motif derived from the mouse SHP-1 promoter (Fig- 
ure 3C). 

The presence of an FXR/RXR binding site suggested 
that the SHP-1 gene is directly regulated by FXR. To 
test this hypothesis, HepG2 cells wore transfected with 
an FXR expression plasmid and reporter plasmids ex- 
pressing luciferase under the control of either the rat or 



human SHP-1 promoters. GW4064 treatment of cells 
transfected with the FXR expression plasmid and either 
promoter construct resulted in a mari<ed induction of 
reporter activity (Figures 4A and 48). Based on Northern 
blot analysis of SHP-1 expression (Figure 2B), the mag- 
nitude of the response from the rat (7-fold) and human 
(3-fold) SHP-1 promoters was somewhat lower than ex- 
pected and it is possible that other promoter or enhancer 
elements contribute to the regulation of SHP-1 expres- 
sion. Alternately, additional factors present in well differ- 
entiated cultures of rat hepatocytes but not HepG2 cells 
may be required for maximal FXR responsiveness. In 
the absence of exogenously expressed FXR, the rat and 
human SHP-I promoters exhibited a modest (M .5-fold) 
induction on exposure to GW4064, which is most likely 
due to endogenous FXR in HepG2 cells (data not shown). 
FXR responsiveness was eliminated when mutations 
were introduced into the IRI motifs in either the rat or 
human SHP-1 promoters (Figures 4A and 4B). These 
data provide strong evidence that SHP-1 expression 
is regulated directly by the FXR/RXR heterodimer in 
multiple species. 

SHP-1 Interacts with Orphan Nuclear 
Receptor LRH-1 

The finding that SHP-1 expression is regulated by FXR 
together with the reciprocal relationship between SHP-1 
and CYP7A1 regulation (Figure 2) suggested that SHP-1 
might play a pivotal role in bile acid-mediated repression 
of CYPTAI expression. Regulation of the CYPTAI pro- 
moter Is complex and Involves numerous transcription 
factors, including nuclear receptors with known ligands 
such as the thyroid honmone receptor (TR), retinoic acid 
receptor (R/VR). RXR and LXRa, and the orphan recep- 
tors COUP-TFII, HNF4a, and LRH-I (Lehmann et al., 
1 997; Stroup et al.. 1 997; Chiang, 1 998; Poet et al., 1 998; 
Nitta et al.. 1999; Russell. 1999; Stroup and Chianja, 
2000). SHP-1 has previously been show to bind to and 
repress the transcriptional activities of TR, FIAR, and 
RXR in the presence of their ligands and HNF4ot In the 
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Figure 5. SHP-1 Interacts with the Orphan rJucIear Receptor LRH-1 

(A) Mammalian two-hybrid experiments were performed in CV-1 
cells cotransfected with expression plasmids for the GAL4-human 
SHP-1 chimera and various VP16~nuclear receptor ligand-binding 
domain chimeras. Transfection assays containing the LXRa-, FXR-. 
RARa-. TRp-. ERa-, and RXRa-GAL4 chimeras were perfomied in 
the absence or presence of the indicated ligands [respectively: EPC. 
24(S).25-epoxycholesterol (10 jiM). GW4064 (1 ^iM); RA. all-frans 
retinoic acid (0.1 jiM); T,. triiodothyronine (0.1 jiM); Ej. estradiol (0.1 
jiM); 9-c/s RA, 9-c/s retinoic acid (0.1 jiM)]. Data are expressed as 
fold activation over cells transfected with the ((yAS)s-tk-CAT reporter 
alone and represent the mean of assays (n « 8) ± S.O. 

(B) GST pull-down assays were performed with p*S] -labeled LRH-1 
or RXRa In the presence of GST or GST-SHP-1 as indicated. 
retinoic acid (9-c/s RA) was added to the binding reaction to a final 
concentration of 10 jiM. 



absence of any exogenous ligand (Seol et al., 1996; 
Masuda et al., 1997), Using a mammalian two-hybrid 
approach, we examined whether SHP-1 interacts with 
these and other nuclear receptors that have been impli- 
cated in the regulation of CYP7A1, CV-1 cells were trans- 
fected with an expression plasmid for a GAL4-SHP-1 
chimera, the (aAS)5-tk-CAT reporter, and expression 
plasmids for chimeras l>etween the strong transcrip- 
tional activation domain of VP16 and the Isolated ligand- 
binding domains of a panel of nuclear receptors (Figure 
5A). When transfected alone, the GAL4-SHP-1 chimera 
caused a minor reduction (~0.3-fold) in reporter activity 
(Figure 5A). However, reporter activity was strongly in- 
duced when GAL4-SHP-1 was coexpressed with VP16- 
RXRa ('-44-foId) or VP1 6-estrogen receptor a (ERa, 
-^1 1 -fold) in the presence of 9-c/s retinoic acid and estra- 
diol, respectively (Figure 5A). These interactions were 
strongly dependent on the presence of ligand. Uttle or 
no interaction was detected between SHP-1 and l-XRa, 



FXR. COUP-TFII, HNF4a, FlARa. or TRp In our n\amma- 
lian two-hybrid assay (Figure 6A). The lack of a stronger 
interaction between SHP-1 and either TRp, RARa, or 
HNF4<it was surprising In light of the previous results of 
others (Seol et al., 1996; Masuda et aL, 1997) and may 
reflect differences In the assay systems used. Notably, 
strong reporter activity was detected when GAL4 -SHP-1 
was expressed with VP1 6-human lJlH-1 or VP1 6-mouse 
LRH-1 ('^14-fold activation for both human and mouse). 
This activity was completely dependent on the presence 
of GAL4-SHP-1 (data not shown). These data demon- 
strate that SHP-1 can interact with LRH-1 in cells. Inter- 
estingly, little or no interaction was delected between 
SHP-1 and steroidogenic factor 1 (SF-1) (Figure 5A), a 
closely related orphan receptor that shares ~60% amino 
acid identity with LRH-1 in the ligand-binding domain 
(Tsukiyama et al., 1992; Honda et al., 1993; Ikeda et al,. 
1993). 

Using a glutathione S-4ransferase,(GST) pull-down 
assay, we examined whether SHP-1 binds directly to 
LBH-1. SHP-1 was expressed in £ coit as a fusion pro- 
tein with GST, and pS]-labeled LRH-1 was synthesized 
in vitro. Glutathione-Sepharose beads efficiently copre- 
cipitated P^SJ-labeled U^H-I in the presence of GST- 
SHP-1 but not in its absence (Rgure 5B). In parallel 
incubations, GST-SHP-1 interacted strongly with ("Sj- 
labeled human RXRa in the presence of 9-c/s retinoic 
acid (Figure 5B). These data are in close agreement with 
those derived from mammalian two-hybrid experiments 
(Figure 5A). Thus, SHP-1 interacts directly with LRH-1, 

SHP-1 Represses Expression of CYP7A1 
Does SHP-1 have a role in the repression of CYP7A1 
expression by FXR ligands? We addressed this question 
by perfomfiing cotransfection experiments with a rat 
CYP7A1 lucif erase reporter plasmid (pGL3-rCYP7Al 
(-1573/4-36]) containing nucleotides -1573 to +36 of 
the rat CYP7A1 promoter, which includes a conserved 
LRH-1 binding site (Nitta et al.. 1999). In the absence of 
exogenously expressed LRH-1 , the activity of the pGL3- 
rCYP7A1 (-1 573/+36) reporter was low when transiently 
transfected into HepG2 cells (data not shown). Cotrans- 
fection of increasing amounts of an LRH-1 expression 
plasmid resulted in a dose-dependent increase in re- 
porter activity (Rgure 6). This l-RH-1 -dependent reporter 
activity was completely blocked by the cotransfection 
of SHP-1 expression plasmid (Figure 6). These data sug- 
gest that interactions between SHP-1 and I_RH-1 repre- 
sent a basis for bile acid-mediated repression of 
CYP7A1 expression. 

Discussion 

The recent discovery that FXR is a bile acid receptor 
provided a great deal of insight Into the molecular mech- 
anisms underiying bile acid signaling. In particular, these 
studies uncovered the mechanism whereby bile acids 
stimulate the transcription of genes, such as i-BABP, 
involved in bile acid transport. High-affinity binding sites 
for the FXR/RXR heterodimer have been identified in 
both the human and mouse l-BABP promoters (Grober 
et al., 1999; Makishlma et al., 1999). By contrast, the 
mechanism underiying bile acid-mediated repression of 
CYP7A1 expression remained a puzzle, since an FXRE 
had not t>een Identified in the bile acid response ele- 
ments of this gene (Chiang and Stroup. 1994; Chiang et 
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Figure 6. SHP-1 Represses LRH-1 -Dependent Activation of the Rat 
CYPJAI Promoter 

HcpG2 ceils were transf eded vrtth the rat CYP7A 1 reporter plasmid. 
pGL3-fCYP7A1(-1573/+36). and the Indicated amounts of LRH-1 
and/or SHP-1 expression plasmids. Data represent the mean of 
assa/s perfonned in tripHcate i S,D. 



al., 2000). We now present evidence that FXR does not 
repress CYPJAI expression directly, but rather through 
induction of the gene encoding the orphan nuclear re- 
ceptor SHP-1, which, in turn, represses CVP7iA 7 expres- 
sion. Similar findings have been reported by Lu et al. 
(2000 [this issue of Mof. Ce//]), Consistent with this 
model, it was recently shown that SHP-1 expression is 
markedly lower and not inducible by cholic acid in the 
livers of mice lacking FXR (Sinai et al...2000). Taken 
together, these data provide a molecular explanation 
for the coordinate suppression of gene expression by 
bile acids. 

SHP-1 Represses CYPJAI Expression 
We encountered the orphan nuclear receptor SHP-1 as 
part of a comprehensive, unbiased effort to identify FXR 
target genes In the liver. SHP-I expression was strongly 
induced in the livers of rats treated with the potent, 
nonsteroidal FXR ligand GW4064. SHP-I expression 
was also markedly induced by GW4064 in primary cul- 
tures of human and rat hepatocytes, whereas CYPJAI 
expression was suppressed under the same conditions. 
The reciprocal relationship between SHP-I and CYPJAI 
regulation, together with the established Inhibitory ef- 
fects of SHP-1 on nuclear receptor activity, suggested 
that SHP-1 might repress CYPJAI expression. Indeed, 
expression of SHP-1 repressed the activity of the rat 
CYPJAI promoter In HepG2 cells. 
SHP-1 Is unusual in that It lacks the highly conserved 



DNA-binding domain typically found In members of the 
nuclear receptor family. SHP-1 was originally cloned In 
yeast two-hybrid experinr>ents using the orphan nuclear 
receptors CAR or PPARa as bait, but K Interacts with a 
number of additional nuclear receptors, including ERa 
and ERp, RAR, RXR, and TR (Seol et al., 1996; Masuda 
et al., 1997; Seol et al., 1998; Johansson et al., 1999). 
In each case, SHP-1 represses the ligand-induced tran- 
scriptional activity of these receptors. How does SHP-1 
repress transcription of the CYPJA 1 promoter? Our data 
indicate that SHP-1 exerts much of its effect through 
interaction with the orphan nuclear receptor LRH-1. 
SHP-1 interacted strongly with LRH-1 in both a mamma- 
lian two-hybrid assay and an in vitro pull-down assay. 
Moreover, SHP-1 efficiently repressed LBH-1 -depen- 
dent activation of the rat CYPJAI promoter: LRH-1 was 
recently shown to activate the human cyP7AT promoter 
by binding to an extended nuclear receptor half-site 
sequence that is conserved in the mouse, rat, and ham- 
ster CYPJAI promoters (Nitta et al., 1999). Eariier stud- 
ies had defined DNA response elements in the CYPJAI 
and CYP8B1 gene promoters that conf en-ed repression 
in response to bile acids (Chiang and Stroup, 1994; 
Chiang et al., 2000; del Castillo-Olivares and Gil, 2000). 
Notably, each of these negative bile acid response ele- 
ments contains an UHH-I binding site. Consistent with 
these data, CYP8B1 expression was repressed 3-foId 
in Fisher rats treated with GW4064 (S. A. J., unpublished 
data). Thus, interactions between SHP-1 and LRH-1 are 
likely to be important for the coordinate repression of 
a number of genes by bile acids. Among the genes that 
may be regulated by the interaction between SHP-1 and 
LRH-1 is SHP-1 itself. An LRH-1 -responsive region of 
the murine SHP-1 gene has been identified (Lee et al., 
1999), Thus. SHP-1 is likely to regulate its own expres- 
sion. This feedback regulation may provide a mecha- 
nism for attenuating the bile acid-mediated repression 
of genes by SHP-1. A model for bile acid-mediated re- 
pression of gene expression via increased SHP-1 levels 
is shown in Figure 7. 

Two recent reports showed that SHP-1 represses the 
transcriptional activation of ERa and ERp. RXR. and the 
orphan receptor HNF4<jt by competing with coactivator 
binding to these receptors (Johansson et al.. 1999; Lee 
et al., 2000). In addition. SHP-1 contains a strong tran- 
scriptional repressor domain In its C temilnus (Lee et 
al., 2000). Furthermore, SHP-1 has been shown to inhibit 
DNA binding of RAR-RXR heterodimers (Seol et al., 
1 996). Taken together, these studies suggest that SHP-1 
Inhibits the transcriptional activity of nuclear receptors 
through multiple mechanisms. To date, we have l>een 
unable to demonstrate inhibition of LRH-1 binding to its 
response element in the CYPJAI promoter by SHP-1 
(data not shown). Thus, the mechanism by which SHP-1 




llilc AcitlN 



RflUfe7. Model for the Feedfon(vafd and 
Feedback Regulatofy Effects of Bile AcWs on 
Gene Expression 

Activation of FXR by bile ackJs results In the 
induction of t-BABP and SHP-1 expression. 
SHP-1, in tunn, Interacts with LRH-1 and re- 
presses expression of CYP7A1 and CYP8B1. 
SHP-1 may also repress expression of Hs own 
gene. 
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Inhibits LRH-1 -fnedialed transactivation of the CYP7A1 
promoter remains unresolved. 

In addition to the Interactions between SHP-1 and 
LRH-1 , other mechanisms may play a role in bile acid- 
mediated repression of CYP7A1 expression. First, SHP-1 
binds to and represses the transcriptional activity of 
other nuclear receptors that regulate CYP7A1, including 
RXR and TR ( Scol et al.. 1996; Masuda et al,. 1997). 
These interactions may also contribute to bile acid- 
mediated repression of CYP7A1 expression. Second, 
ligand-bound FXR was reported to repress LXRa activity 
on an LXRa response element (Wang et al.. 1999), al- 
though the mechanism for this frans-repression is not 
clear. Since LXRa stimulates rodent CKPZAT expression 
in response to oxyslerols, repression of LXRa activity 
may contribute to the overall repression of CYP7A1. 
Thus. SHP-1 A_RH-1 interactions may be one of several 
mechanisms whereby bile acids repress expression of 
CYP7A1 and other genes. 

Parallels between SHP-1A.RH-1 and Other 
Nuclear Receptor Pairs 

Intriguing parallels exist between the SHP-1 /l-RH-1 in- 
teraction and another pair of nuclear receptors. LRH-1 
is most closely related to the orphan receptor SF-1, 
which regulates the expression of enzymes required for 
steroid hormone biosynthesis (Parker, 1998; Hammer 
and Ingraham. 1999). SF-1 and LRH-1 are ->85% identi- 
cal in the amino acid sequences of their DNA-binding 
domains, and both bind as monomers to the same ex- 
tended nuclear receptor half-site sequence. Notably, the 
transcriptional activity of SF-1 is repressed by binding 
to DAX-1 (dosage-sensitive sex-reversal adrenal hypo- 
plasia congenital region on the X chromosome, region 
1; NR0B1), an orphan nuclear receptor most closely 
related to SHP-1 that also lacks the DNA-binding domain 
characteristic of nuclear receptors (Zanaria et al,, 1 994; 
Hammer and Ingraham, 1999). Thus, both SF-1 and 
LRH-1 are negatively regulated in a frans-dominant fash- 
ion by heterodimerization with orphan receptors lacking 
DNA-binding domains. Since SHP-1 expression is stim- 
ulated by bile acids, it will be interesting to determine 
whether DAX-1 expression is also regulated by hor- 
mones. 

A second nuclear receptor pair with similarities to 
SHP-1 AMH-i occurs in DrosophUa, Honnional activation 
of the ecdysone receptor (EcR) during the third larval 
Instar phase of Drosophila metamorphosis results in 
an increase in the expression of two orphan nuclear 
receptors, DHR3, which has a functional DNA-binding 
domain, and E75B. which does not E76B binds to DHR3 
and represses Its transcriptional activity (Thummel, 
1997; White et al., 1997). This interaction is critical for 
determining the temporal progression of metamorpho- 
sis. The ECR/E75/DHR3 and FXR/SHP-1A-RH-1 regula- 
tory cascades are remarkably similar In that hormone- 
mediated activation of a nuclear receptor (either FXR or 
EcR) induces expression of a second nuclear receptor, 
which, in turn, binds to and represses the activity of a 
third nuclear receptor. The similarities in these genetic 
hierarchies across evolution suggest that repression via 
heterodimerization may represent an important para- 
digm for the modulation of orphan receptor activity. 

Conclusions 

The mechanism whereby FXR represses expression of 
CYP7A1 and other genes has until now remained an 



enigma. Through the use of a potent, nonsteroidal FXR 
ligand, we have Identified SHP-I as an FXR target gene 
in the liver of humans and rodents. Furthemiore, we 
have demonstrated that SHP-1 can Interact with LRH-1 
and efficiently repress expression of CYP7AU Thus, bile 
acid^nduced repression of CYP7A1 is mediated by a 
novel regulatory cascade of three nuclear receptors. 
Since both the CYP7A1 and CYP8B1 gene promoters 
contain LRH-1 binding sites, the SHP-IAJlH-1 partner- 
ship is likely to have broad implications in bile acid 
signaling. Both SHP-1 and LRH-1 are orphan receptors, 
which raises the possibility that bile acid biosynthesis 
will be regulated by additional, unidentified hormones. 
Regardless of whether SHP-1 and LRH-1 have natural 
ligands. pharmacologic modulation of their interaction 
represents an exciting new opportunity for the discovery 
of drugs that regulate cholesterol homeostasis. 

Experimental Proce<lures 
Matenats 

The synthesis of GW4064 will be described elsewhere (Maloney et 
al.. 2000). CDCA. dexamethasone, estradiol, afl-tra/is retinoic acid. 
9-c/s retinoic acid, and charcoal -stripped, delipidated calf seaim 
were acquired from the Sigma Chemical Co. (St. Louis, MO). 
24(S),25-epoxycholesterol was synthesized in-house. DNA-modi- 
fying enzymes, polymerases, and restriction endonucleases were 
provided by Roche Molecular Biochemicals (Indianapolis. IN). Char- 
coal/dextran-treated fetal bovine senjm (FBS) was purchased from 
Hyclone Laboratories Inc. (Logan, LfT)- The human hepatocellular 
carcinoma cell line HepG2 was obtained from the American Type 
Culture Collection (ATCC number HB-8065, Manassas, VA). Matrigel 
was provided by Becton Dickinson Labware (Bedford. MA). All other 
tissue culture reagents were obtained from Life Technologies Inc. 
(Gaithersburg, MD). 

Animals 

Male Fisher rats were obtained from Charies River Laboratories Inc. 
(Raleigh, NC) and maintained on a 12 hr light/12 hr darts cycle. 
Animals were allowed food and chow ad librtum. GW4064 (30 mg/ 
kg) was administered by gavage twice a day for 7 days and the 
animals sacrificed by cervical dislocation 4 hr after the final treat- 
menL Livers were excised and snap-frozen in liquid nitrogen. Differ- 
ential gene expression analysis was performed by CuraGen Corp. 
(New Haven, CT). 

Plasmid Constructs 

Expression plasmids for the human nuclear receptof-GAL4 chime- 
ras were prepared by inserting ampfified cONAs encoding the li- 
gand-binding domains Into a modified pSG5 expression vector 
(Stratagenc, U Jotta, OA) containing the GAL4 DNA-binding domain 
(amino acJds 1-147) and the Simian virus 40 (SV40) large T antigen 
nuctear locaTtzation signal (APKKKRKVG). TTie (aAS)rtk-CAT and 
(hsp27EcRE)rtfc-UIC reporter constructs have been previously de- 
scribed (Fomian et al., 1995; Parte ct al.. 1999). pp-actin-SPAP, an 
expression vector containing the human secreted placental alkaline 
phosphatase (SPAP) cONA under the control of p-actin pronrwter, 
was used as an kitenwl contrx)! In all transfections. The cxpressk>n 
ptasmJds for human and mouse FXR (pSG5-hFXR and pSGS-mFXR, 
respectively) and human SRC-1 are described elsewhere (Klicwer 
et al., 1998; Partes et al., 1999). The full-length coding regions for 
human LRH-1 (CSenBank Accession Number AB019246) and human 
SHP-1 (GenDank Accession Number L76571) were ampfrfied by PCR 
and clooed Into pSG5. creating pSG5-hLflH-1 and pSG5-hSHP-l. 
respectively. A consensus Korak sequence was created during 
amplification, Ihe rat (bases -441 to +19, GenBank Accession 
Number D86745) (Masuda et al., 1997) and human (bases -572 to 
+10, GenBank Accession Number AF044316) (Lee et al., 1998) 
SWP- 1 promoterB wore ampCfied by PCR using the foflowing primer 
psitz: Rat, 6'-flggtotocoagalctCCCTGGCTGGCTCCTTGGCTCTGT-3' 
(sense) and e'-ggglgtgcoaoalctCCTGTTTCrrCCTGGCTCTGT 
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GGC-3' (antbeosc); and humao, e'-gggtgtgcgagatclTCXn'AGACT 
GGACAGTGGGCAAAG-3' (sense) and S'-flggtgtgcgagalctCTTCC 
AGCTCTCTGGCTCTGTGTT-3' (antisensc). The resuHant fragnoenls 
¥ttco Inserted Into the Bgfli rite of pGt3-Basic. a promoter-iess 
hicKefase reporter vectof (Ptxxnega, Madison. WO- Site-dinected 
mutagenesis of putaUve FXREs In the rat and human SHP-1 promot- 
ers was pertormed using the Transformer mutagenesis system 
(CLO^fTECH Laboratories, Palo AKo. CA) with the AratlRl (bases 
-321 to -287,5'<Xn^GGTACAGCCTGGaaTMTAtaaCn'GTTTATAC-3') 
and AhumanlRI (bases -304 to -270. 5'-CCTGGTACAGCX;TGA 
aaTAATGtaCTrGrrTATCC-3') primers. Mutated constoicts were 
verified to be free of nonspecific base changes by sequencing. 
pGL3-fCYP7A1(-1573/+36) contains bases -1573 to +36 of the rat 
CYP7A1 promoter (GenBank Accession Numtier Z14108) inserted 
frito the Nhei site of pGL3-Basic. VP16-nudcar receptor chimeras 
contain the 80 aa Hefpes virus VP 1 6 transactivation domain linked 
to the Hgand-binding domain of the following nuclear receptors in 
a modified pSG5 expression vector human COUP-TFll, ERa. LRH-1 . 
OCRo. RARo, and TR|3; mouse FXR, LRH-1, RXRa, and SF-1; and 
rat HNF4a. 

Transient Transfection Assays 

Transient transfection of CV-1 cells was performed exactly as de- 
scribed elsewhere (Jones et al., 2000). Typically, transfection mixes 
contained 2-6 ng of receptor expression vector, 20 ng of reporter 
construct, and 8 ng of pp-actin-SPAP. The amount of DMA used 
in each transfection was adjusted to 80 ng with carrier plasmid 
^Btuescript« Stratagene). Mammalian two- hybrid experiments uti- 
fized transfection mixes containing 20 ng of VP16 nuclear receptor 
Ggand -binding domain expression vector, 5 ng of pSG5-GAL4- 
SHP-1. 15 ng of (UAS)j-tk-CAT. and 8 ng of pp-actin-SPAP. Cells 
were maintained for 24 hr in the presence of drug (added as a 
lOOOX stock In dimethyl sulfoxide) in DMEM/F-12 nutrient mixture 
containing 10% charcoal-stripped, dellpidated calf serum. An ali- 
quot of medium was assayed for SPAP activity, and the cells were 
lysed prior to detennination of lucif erase expression. Lucif erase 
activities were nonnalized to SPAP. HepG2 cells were maintained 
in DMEM/F-12 supplemented with 10% heat-inactivated FBS (Ufe 
Technologies Inc.). Plasmid DNA was transfected into HepG2 cells 
using the FuGENE6 transfection reagent according to the manufac- 
turer's instructions (Roche Molecular Biochemicals). Thus, 24 -well 
culture plates (15 mm diameter) were inoculated with 7x10* cells 
24 hr priorto transfection. Cells were transfected overnight in serum- 
free OMEM/F-12 with 100 ng of reporter constnjct, 32 ng of pp- 
actin-SPAP, and 0-4 00 ng of receptor expression vectors (adjusted 
to 400 ng with canier piasmid). Following transfection, the medium 
was aspirated arKl the celts were cultured for a further 48 hr in 
OMeM/F-12 suppiemented with 10% heat-inactivated FBS. SPAP 
and hiciferase values were detenmined as descrit>ed atx)ve. 

Primary Cufture of Human and Rat Hepatocytcs 
and Northern Blot Analysis 

PAnary human hepatocytes were obtained from Or. Steve Strom 
(IWwwsity of Pittsburgh). Rat hepatocytes were isolated as de- 
•cribod ©bcwticre (LeOuyse et ai^ 1096). Ocas (1.6 x 10^ were 
cutturod on MaWgel-ooated 6^0 piates In ceoim-froe WUIiams* 
e medium supplemented with 100 nM dexamethasone, 100 U/ml 
penlcaCn G. 100 itg/ml streptomycin, and Insufin-transfenin-se Io- 
nium (ITS-G, Ufe Technoiogies IncJ. Twenty-four hours after isola- 
tioo, hepatocytes were treated %vith either GW4064 (0.1-10 |tM) or 
COCA (1-100 |iM), wWch were added to the cutture medium as 
1000 X stocks In dimethyl sulfoxide. Control cufturcs received vehi- 
cle alone. Ceils were cuftuoed (or a further 48 hr prior to harvest, 
and total RNA was isolated using a commercially available reagent 
(Trirol. Ufe Technologies Inc.) according to the manufacturer's In- 
stnictions. Total RNA (10 ng) was resolved on a 1 % agarose/2.2 M 
lonnaldehyde deciaturtr^ gel arvJ transferred to a nylon membrane 
(HytK>rxf N+, Amersham Ptwrmacia Biotech Inc., PiscaUway, NJ). 
Blots were hyt>ridized with "P-tabcied cONAs corresponding to hu- 
man SHP-1 (GenBank Accession Number L76571). human CYP7A1 
Qbases 99-1564, GenBank Accession Number M93133). mouse 
SHP-1 (bases 30-783, GenBank Acoesston Number L76567), or rat 
CVP7A1 (bases 235^W0, GenBank Accession Number J05460). 



Subsequently, tkiis were stripped and reprobed with a rad«)iat>eted 
p-actin cONA (CLONTECH Laboratories), 

Electrophorelic Mobility-Shift Assays 

Electrophoretic mobility-shift assays (EMSA) were performed essen- 
tially as described eisewt>ere (Ijehmann et al.. 1997). hFXR and 
hRXRa were synthesized from pSG5-hFXR and pSG5-hRXRa ex- 
pression vectors, respectively, usir>g the TNTT7 Coupled Reticulo- 
cyte System (Promega). Unprogrammed lysatc was prepared using 
the pSG5 expression vector (Stratagene), Binding reactions con- 
tained 10 mM HEPES (pH 7.8). 60 mM KCl. 0.2% Nonidet P-40, 
6% glycerol, 2 mM dithiothrertol ipVt), 2 jig of poly(dl-dC)-poly(dl- 
dC). and 1 m^I each of synthesized hFXR or hRXRa, Control incut>a- 
tions received unprogrammed lysate alone. Reactiorw were pre- 
incubated on k:e for 10 min prior to the addition of pP]-labeled 
double-stranded oligonucleotide probe (0.2 pmoQ. Competitor oli- 
gonucleotides were added to the preincubation at 6-, 25-, and 75- 
fold molar excess. Samples were held on Ice for a further 20 min. 
and.the protein-DNA complexes resolved on a pre-clectrophoresed 
5% polyacr/1amide gel in 0.5 x TBE (45mMTris-borate, 1 mM EDTA) 
at room temperature. Gels were dried and autoradiographed at 
-70*C for 1-2 hr. The following double-stranded digonudeotides 
were used as probes and competrtors In EMSA: rSHP, 5*-gatcCCTG 
GGrrAATAACCCTGT-3'; mSHP, 5'- gatcCCTGGGTTAATGACCC 
TGT-3': hSHP. 5'- gatcCCTGAGTTAATGACCTTGT-3'; ml-BABP, 
5'-gatcTTAAGGTGAATAACCTTGG-3'; hl-BABP, 5'-gatcCCAGGT 
GAATAACCTCGG-3' (Grober et al., 1 999); and mSHPmut 5'-gatcCC 
TGGaaTAATGttCCTGT-3'. 

GST Pull-Down Assays 

GST-SHP-1 fusion protein was expressed in BL21(DE3)plysS cells 
and bacterial extracts prepared by one cycle of freeze-thaw of the 
cells in protein lysis buffer containing 50 mM Tris (pH 8.0). 250 
mM KCI. 1% Triton X-100. 10 mM DTT and 1 X Complete Protease 
Inhibitor (Roche Molecular Biochemical) followed by centrifugatlon 
al 40,000 X g for 30 min. Glycerol was added to the resultant super- 
natant to a final concentration of 1 0%. Lysates were stored at -80*C 
until use. p*Sl-Iabeled human LRH-1 or human RXRa was generated 
using TNTT7 Coupled Reticulocyte System (Promega) in the pres- 
ence of Pro-Mix (Amersham Phamfiacia Biotech Inc.). Coprecipita- 
tion reactions included 25 jit of lysate containing GST-SHP-1 fusion 
protein or control GST; 25 ^1 of Incubation buffer (50 mM KCI, 40 
mM HEPES [pH 7.51, 5 mM p-mercaptoethanol, 0.1 % Tween 20 and 
1% nonfat dry milk); and 5 of P^SJ-labeled LRH-1 or RXRa. The 
mixtures were, incubated for 25 min with gentle rocking at 4'C 
prior to the addition of 20 of gluUthtone-Sepharose 4B beads 
(Amersham Pharmacia Biotech Inc4 that had t>een extensively 
washed in protein lysis txiffer. Reactkxis were trwubated at 4*C wfth . 
gentle rocking for a further 20 men. The t)eads were pefleted at 3000 
rpm In a microfuge and washed four times wfth protein Incubation 
buffer. FoHowing the final wash, the beads were resuspended In 25 
|iJ of 2x SOS-PAGE sample buffer containing 60 mM OTT. Samples 
were heated to 100*C for 6 min and resolved on a 10% aceyfamkJe 
gel. Autoradiography was pertonned oveniight 

Statistical Analyses 

Unless otherwise stated, daU are expressed as mean ± standard 
deviatkKi (S.D.). V\e significance of differences in SHP-I and 
CYP7A1 expression between vehicle- and GW4064 -treated animals 
were analyzed using an unpaired Student's f-test 
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